Under a gas atmosphere of 99o 02/1% CO2, wild-type cells of Chlorella sorokiniana excreted 12% of their dry weight as glycolate during photolithotrophic growth, whereas mutant cells excreted glycolate at only 3% of the cellular dry weight. The observed difference in glycolate excretion by the two cell types appears to be due to a different capacity for the metabolism of glycolate, rather than to a different glycolate formation rate. This was concluded from experiments in which the metabolism of glycolate via the glycine-serine pathway was inhibited by the addition of isoniazid. Under such conditions, glycolate excretion rates for both cell types were identical. The mutant appeared to have significantly higher specific activities of glycine decarboxylase, serine hydroxymethyltransferase, serine-glyoxylate aminotransferase, glycerate kinase, and phosphoglycolate phosphatase than did the wild type. The specific activities of D-ribulose-1,5-bisphosphate carboxylase/oxygenase, glycolate dehydrogenase, glyoxylate-aminotransferase, and hydroxypyruvate reductase were the same for wild-type and mutant cells. The internal pool sizes of ammonia and amino acids increased in wild-type cells grown under high-oxygen concentrations but were hardly affected by high oxygen tensions in the mutant cells. Our results indicate that, under the growth conditions applied, the decarboxylation of glycine becomes the rate-limiting step of the glycine-serine pathway for the wild-type cells of C. sorokiniana. D-ribulose-1,5-bisphosphate (Rbu-P2) carboxylase (EC 4.1.1.39), the enzyme which fixes CO2 in the Calvin cycle, is also capable of catalyzing the oxygenolysis of Rbu-P2, resulting in the production of one molecule of phosphoglycerate and one molecule of phosphoglycolate. Phosphoglycolate is subsequently dephosphorylated by a specific phosphoglycolate phosphatase to glycolate in autotrophic organisms. Depending on the growth conditions, part of the glycolate produced by algae, as well as by photosynthetic and chemolithotrophic bacteria, is excreted into the medium. The remaining glycolate is oxidized to glyoxylate, a reaction catalyzed by glycolate dehydrogenase (2, 6, 8, 9, 16, 27 
D-ribulose-1,5-bisphosphate (Rbu-P2) carboxylase (EC 4.1.1.39), the enzyme which fixes CO2 in the Calvin cycle, is also capable of catalyzing the oxygenolysis of Rbu-P2, resulting in the production of one molecule of phosphoglycerate and one molecule of phosphoglycolate. Phosphoglycolate is subsequently dephosphorylated by a specific phosphoglycolate phosphatase to glycolate in autotrophic organisms. Depending on the growth conditions, part of the glycolate produced by algae, as well as by photosynthetic and chemolithotrophic bacteria, is excreted into the medium. The remaining glycolate is oxidized to glyoxylate, a reaction catalyzed by glycolate dehydrogenase (2, 6, 8, 9, 16, 27) . Figure 1 illustrates the pathway by which glycolate is metabolized in Chlorella sp. Algal and microbial glycolate metabolism is more energy efficient than the process which takes place in higher plants, since the latter employ a glycolate-oxidase, rather than a glycolate dehydrogenase, for the oxidation of glycolate to glyoxylate (23) . However, relatively little is known about the regulation of the glycolate pathway at the enzymatic and molecular levels in microorganisms (29) . This paper deals with the regulation of the glycolate pathway in the eucaryotic unicellular green alga Chlorella sorokiniana. Morhardt and Ward (17) originally described a mutant of this organism which had the ability to grow autotrophically at the same rate under a gas mixture of 990 02/1% C02 as in the usual atmosphere of 20% 02/1% CO2. Such high oxygen tensions are normally inhibitory to most organisms. In addition, since high oxygen tensions lead to high glycolate formation rates (29) , an investigation of the subsequent metabolism of glycolate by the wild-type and the mutant strains might provide some insight into the general control of glycolate metabolism.
MATERIALS AND METHODS
Organisms and growth conditions. C. sorokiniana wild type and the oxygen-resistant (OR) strain were obtained from W. M. Pulich of the University of Texas at Austin-Port Aransas Marine Laboratory. The cells were grown in batch culture in Cg-10 medium (30) . The pH of the medium was brought to 8.2 with 2 N NaOH. The pH did not drop more than 0.2 U during growth on C02-enriched air. The cultures were placed in a temperature-controlled water bath at 39°C and illuminated with four high-output fluorescent lamps placed 15 cm from the cultures at each side of the bath. Lightsaturating conditions for the wild-type and OR strains CONTROL OF GLYCOLATE METABOLISM 651 02 Rbu-P2 (2) P-glycerote + P-glycolote j(3) ( I ) Glycolote Excretion 1(4) t'5' (14) ,wC02
P-glycerate Malote -,--Glyoxylote Acetyl-CoA (6) Table 3 . The dotted line indicates a reaction for which no evidence has yet been found in Chlorella sp. CH2-THFA, Methylenetetrahydrofolate.
were attained at about 32.3 klx (10.4 x 10' J/cm2 * s)
as measured with the aid of a luxmeter in the middle of the water bath. All cultures were frequently checked for contamination by plating samples on solid Cg-10 medium containing 1% (wt/vol) glucose and 1.5% agar. Contaminated cultures were discarded.
Preparation of cell extracts. The cultures were harvested by centrifugation for 10 min at 4,000 x g (4°C) and washed in the assay buffer. The cells were disrupted in a French pressure cell (4°C, at 20,000 lb/ii2) for two consecutive cycles. The debris was removed by ultracentrifugation at 60,000 x g for 60 min (4°C) in a Beckman 70 Ti rotor. When enzyme activity was present in the particulate fraction, a low-speed spin (2,500 x g for 10 min) was used after disrupting the cells. This low-speed centrifugation removed unbroken cells and most of the debris, but not the membrane fraction.
Glycolate determination. The amount of glycolate found in the filtrates of cultures of C. sorokiniana was quantitated after the addition of spinach glycolate oxidase (Sigma Chemical Co., St. Louis, Mo.) to oxidize all glycolate to glyoxylate. Glyoxylate was converted to its phenylhydrazone, which was then detected spectrophotometrically. The (4 , uCi) was then added to initiate the reaction at a concentration of 0.1 M. The center well contained 100 pLl of the C02-absorbing reagent phenethylamine (Eastman Organic Chemicals, Rochester, N.Y.). The flasks were incubated in the light at 39°C, simulating the in situ growth conditions. The reaction was terminated by the addition of 200 ,ul of 10% (vol/vol) perchloric acid, which was present in the other side arm. Twenty minutes after the reaction was terminated, the radioactivity present in the phenethylamine was measured by liquid scintillation counting.
All assays were linear with the time and protein added, although for some enzymes it appeared necessary to dialyze the cell extracts to achieve reproducible results.
Determination CO2. Since the OR strain is somewhat larger than the wild-type strain, higher light intensities were required to achieve light saturation for the mutant. This high light intensity did not inhibit the growth of the wild type (Table 1) . When the gas atmosphere was changed to 99%o 02/1% CO2, the growth rate of the wild-type strain was reduced to half that attained in the 20% 02/1% CO2 atmosphere. The growth rate of the mutant, however, was not affected by the change in oxygen tension (Table 1) . Similar results were obtained by Morhardt and Ward (17) . Since the glycolate formation rate is known to be influenced by the 02/CO2 ratio applied to a culture, the excretion of glycolate by both cell types under the various growth conditions was determined (Table 2) . Under both gas mixtures, the wild type excreted three to four times more glycolate than the OR strain. Indeed, the wild type excreted about 25% of all carbon fixed in the form of glycolate under the 99% 02/1% CO2 atmosphere, assuming that carbon accounts for 50% of the dry weight. Under the same conditions, the OR strain excreted only about 6% of all carbon fixed.
Levels of enzymes of glycolate formation and metabolism. We raised the question as to whether the observed differences in glycolate excretion were due to a difference in the rate of glycolate formation or to a different pathway or altered rate of glycolate metabolism. Previous experiments employing short-term labeling had shown that glycolate is metabolized via the serine-glycine pathway in C. pyrenoidosa (C. vulgaris) an organism closely related to C. sorokiniana (4, 13). The levels of enzymes involved in the formation and metabolism of glycolate were thus measured for both strains under the different gas atmospheres (Table 3 ). In addition, cell extracts were also examined for glyoxylate carboligase and malate synthase activities. Glyoxylate carboligase activity was not detectable, and malate synthase activity was low, substantiating the importance of the glycineserine pathway for the metabolism of glycolate in Chlorella species. It was found that the levels of phosphoglycolate phosphatase, glycine decarboxylase, and serine hydroxymethyltransferase were significantly higher in extracts obtained from strain OR, whereas serine-glyoxylate ami- notransferase and glycerate kinase were also somewhat higher in extracts from strain OR. The difference in applied oxygen tension did not lead to any significant difference in enzyme activity in either the wild-type or the OR strain. The decarboxylation of glycine was demonstrated in whole cells since attempts to isolate mitochondria with good respiratory control from Chlorella sp. were unsuccessful. Wild-type cells needed a rather high extracellular glycine concentration to obtain maximal decarboxylation rates (Fig. 2) It was found that the carboxylase and oxygenase activity ratio of Rbu-P2 carboxylase/oxygenase was nearly identical for the wild-type and the OR strains, indicating that the glycolate formation rates for both cell types are equal (Table 3 ). In addition, purified Rbu-P2 carboxylase/oxygenase from both sources exhibited identical sedimentation rates, apparent molecular weights, isoelectric points, and subunit structures (data not shown). That the glycolate formation rates were indeed equal for both strains at the two extremes of oxygen tension was demonstrated by following the excretion of glycolate in the presence of an inhibitor of the glycolate pathway, isonicotinic acid hydrazide (isoniazid; INH). This general inhibitor of pyridoxal phosphate-requiring enzymes was shown to inhibit the conversion of glycine to serine in Chlorella (20) . The rate of glycolate formation in the presence of INH was nearly identical for both organisms; that is, under low and high oxygen tensions, respectively, the rates were 8 and 38 nmol/min per mg of protein for wild-type cells and 6 and 37 nmol/min per mg of protein for mutant cells. The rates were calculated from the linear portion of the curves (Fig. 3) .
Amino acid pools. The pool sizes of all amino acids and ammonia were determined for both organisms grown under high and normal oxygen tensions. Glutamate and alanine were quantitatively the most important amino acids (Table 4) . In wild-type cells, the intracellular concentrations of most amino acids (and ammonia) were two-to fivefold higher during growth under high oxygen tensions than under low oxygen tensions. The amino acid pools hardly varied during these growth conditions for OR cells although lysine pools were somewhat lower and glutamine pools were higher during growth under high oxygen tensions. DISCUSSION This investigation shows that the OR strain of C. sorokiniana is able to metabolize intracellularly produced glycolate more effectively than the wild-type. This appears to be due to the higher levels of the enzymes of the glycineserine pathway in the OR strain. Our results indicate that glycine decarboxylase, serine hydroxymethyltransferase, serine-glyoxylate aminotransferase, glycerate kinase, and phosphoglycolate phosphatase might be coordinately controlled in Chlorella sp. The isolation of mutants with a requirement for exogenous glycine and serine would be useful to further investigate the molecular control of glycolate metabolism. In the crucifer Arabidopsis thaliana, no evi- C02; wild-type cells (A) and OR cells (0) were grown under a gas atmosphere of 2To 02/1% C02.
dence was found for a coordinate regulation at the molecular level of these enzymes. Mutations in genes coding for phosphoglycolate phosphatase, serine hydroxymethyltransferase, and glycine decarboxylase all appeared to be without effect on the other enzymes of the glycine-serine pathway in this plant (26) . Glycine decarboxylase is probably the rate-limiting step for the metabolism of glycolate in Chlorella sp. since it is the first enzyme of the glycine-serine pathway that is found at higher levels in the OR strain. Moreover, compared with the in vivo glycine decarboxylation rate of 8 nmol/min per mg of protein ( (29) . C. sorokiniana cell extracts showed twofold-higher activity with alanine as the amino donor compared with glutamate, suggesting that alanine is the actual amino donor in this organism. Alanine was also the amino acid which increased most dramatically in the intracellular pools of wild-type cells after the cells were transferred to high oxygen tensions ( Table  4 ). The increase in amino acid content under high oxygen tensions was also observed in A. thaliana (25) . This might be due to the production of ammonia which occurs as a result of the decarboxylation of glycine. The increased ammonia content of the cell might then lead to the formation of increased amino acid pools. The rate of ammonia formation as a result of photorespiration might thus be considerably higher than that resulting from nitrate reduction (5). Since wild-type cells substantially increase the concentration of intracellular ammonia during growth under high oxygen tensions (Table 4) , the cells may need to excrete glycolate rather than metabolize it to prevent the further accumulation of ammonia, which is toxic at high concentrations. The rather constant level of various amino acids within the OR strain under the various oxygen tensions indicates that these cells are very well adapted to a high rate of glycolate metabolism and concomitant ammonia release. The efficient removal of ammonia might, in turn, lead to the activation of the enzymes of the glycolate pathway. The regulation of ammonia assimilation and its relationship to glycolate metabolism are currently being investigated in both strains of Chlorella sp.
At first sight, the results in Fig. 2 suggest that the intracellular pool size of glycine in wild-type cells is higher than in the OR strain, whereas the results of Table 1 seem to indicate that this is not the case. It may be, however, that the mitochondrial glycine concentrations differ. Alternatively, the results may be explained by assuming the existence of a high-affinity uptake system for glycine in the OR strain, whereas higher extracellular concentrations of glycine are required for maximal activities in wild-type cells.
The question as to whether the observed high rate of glycolate metabolism in the OR strain is responsible for its resistance to high oxygen tensions or whether this is just an additional factor needs to be considered. It has been suggested that a higher activity of superoxide dismutase in the OR strain is responsible for its resistance to high oxygen tensions (21) . Reported activities (expressed per milligram of protein) differed, however, by only 1.5-fold for the wildtype and OR strains. Moreover, doubt has arisen recently as to whether superoxide dismutase activities are related to resistance to oxygen poisoning at all (10) . Carotenoids are also known to act as scavengers of highly reactive oxygen molecules (11) . Difference spectra of equal amounts of protein of the wild-type and OR cells did not show any significant absorbance at wavelengths where carotenoids show their absorbance maximum (data not shown). Since OR cells grown in the dark on glucose are still more resistant to high oxygen tensions than wild-type cells, it is highly unlikely that a light-mediated reaction is responsible for the resistance to high oxygen tensions (22; we observed doubling times of 22 and 11 h for wild-type and mutant cells, respectively, under 99o 02/1% CO2 in the dark on 0.3% [wt/wt] glucose). Surprisingly, preliminary studies on wild-type and OR cells grown in the dark on glucose show that these cells appear to have autotrophic levels of Rbu-P2 carboxylase/oxygenase and also excrete glycolate at about the same percent dry weight as under autotrophic growth conditions. These results make it likely that the higher activity of the glycolate pathway in OR cells is a very important factor in the resistance to high oxygen tensions in these cells.
